The possibility of obtaining vertical profiles of refractive turbulence C' using an orbiting monochromatic light source is examined. The method employs spatial and temporal filtering of the observed scintillation pattern arising from density fluctuations in the atmosphere to measure C2. The impact of atmospheric motion on the method is discussed along with ways to mitigate its effect. Single and array receiver configurations are examined and the multiple response problem inherent in array configurations is corrected by tuning the individual array elements to the array response. The method is expected to be significantly better than the existing stellar scintillometer method.
Introduction
The problem of determining the profile of refractive turbulence has been of considerable interest in determining the performance of ground based optical systems. A double star technique has been discussed by Wang et al. 1 and this method has been employed by Roddier 2 to obtain reasonable results for a number of atmospheric layers. A deficiency of this method is the need to have a suitable optical binary source. Ochs et al. 3 4 have designed and constructed a refractive scintillometer to determine the vertical profile of the refractive index turbulence from ground based measurements of stellar scintillations. This device has not been free of problems 4 - 6 and we find that the theoretical derivation for the performance of the 1-D filter on a circular aperture is flawed. The covariance expression with a Jo Bessel function is incorrect as it assumes a radial spatial variation whereas the spatial variation observed by the filter is 1-D. If one assumes a square as a first approximation to the circular aperture, the Jo Bessel function is replaced by a cosine function. The circular aperture with a 1-D spatial filter can be consistently handled via an exact expression, however. 7 The main problems of the method are the appreciable overlap of the weighting functions and that the broad peaks of the functions can appreciably degrade the measured vertical profile of C', the refractive structure constant. A study by Stebbins has examined the problem of layer
The authors are with U.S. Naval Postgraduate School, Physics Department, Monterey, California 93943. Sponsored in part by the ASEE/ONT Received 2 November 1989. interdependence in the C profiles obtained by the method. 8 The launch of the relay mirror satellites affords the opportunity of having a moving monochromatic 820-nm laser diode source 1 0 with a spherically diverging wave function which allows the use of temporal filtering as well as spatial filtering to improve the height resolution of a ground based instrument in determining the refractive index structure parameter as a function of height. We reexamine a method discussed by Clifford and Churnside" that used an airplane as a synthetic aperture source. We supplement the original analysis and suggest the possible usefulness of the method when using a satellite source. In particular the problems of multiple height response and crosswind are addressed.
II. Theory
A physically appealing derivation for the log-amplitude fluctuations in the weak refractive turbulence case is due to Lee and Harp1 2 and uses the concept of a random phase screen. The log-amplitude fluctuations due to the moving refractive turbulence irregularities in a vertical optical path can be obtained by modeling the refractive field as consisting of a sequence of layers (perpendicular to the direction of propagation). Each layer is made up of 2-D Fourier components K, which are modeled as a phase screen. The light source is in motion parallel to the receiving plane with velocity v, at a height h (see Fig. 1 ). A wave scattered at a height z due to a sinusoidal Fourier component K(z) reaches the receiving plane as K'(z) = K(z)1 -z/h) which is the geometric projection of K on the receiving plane. The log-amplitude fluctuation at the receiver due to a single phase screen" with a transverse velocity vi is:
The point source location is specified by (P 2 ,h) at t = 0 and the receiver location by (,,O) with dv(+K,z) the Fourier-Stieltjes amplitude of the refractive turbulence with wavenumber K at height z. The expression obtained above relates the influence of one random phase screen at a layer height z. To obtain the total log-amplitude fluctuation due to the turbulence an integration over all heights and spatial wavenumbers is required.
The receiver on the ground uses a spatial filter (first suggested by Lee 13 ) which is sensitive to only a small band around the spatial wavenumber Kr _ K(z)(1 -zi h) of the filter. The filtered log-amplitude xe at the receiver is given by
where fr represents the spatial filter at the receiving aperture. The integrals sum the phase screens of the relevant sinusoidal Fourier components K in each layer and these are then summed over the propagation path to take into account all atmospheric layers in the path. Integrating dx over the filtered aperturefr is not strictly valid 2 since the intensity not the log-amplitude is aperture averaged. However, in the case of the weak scattering approximation, dI 2Iodx, where Io is the mean intensity so we may proceed by working with the log-amplitude.
The time-lagged covariance of the log-amplitude xg is given by
where we have used the idea of a stationary random function to eliminate the explicit t dependence.1 4 Inserting Eqs. (1) and (2) into Eq. (3) with (x) = 0 for the case of weak refractive turbulence gives
where
For a homogeneous random process' 5
where F,, is the 2-D spatial spectral density of the refractive index fluctuations. The Markov approxi- mation can be invoked to further simplify Eq. (4) although it is not strictly valid. The validity of the approximation arises from the fact that the correlation of the refractive index in the z-direction has little effect on the fluctuation characteristics of the wave.' 6 The Markov approximation states that
where n,(K,0) is the 3-D spectral density of the refractive index fluctuations in the plane perpendicular to the propagation. Using Eqs. (5) and (6) in Eq. (4) we obtain
with u = z1/h and Fr is the 2-D forward Fourier transform of the spatial filter with positive exponential kernal
The power spectral density Sf(w) is the Fourier transform of the correlation function
x g w ) r j (9) and this gives as the power spectral density of the logamplitude fluctuations:
Before examining realistic spatial filter configurations it is instructive to look at the effect of a perfect spatial filter sensitive to only one spatial wavenumber K in the x-direction and uniform response in the y-direction, 
where the x and y subscripts refer to the respective components of the spatial wavenumbers. Integration over Ky leaves us with (12) noting that only the x-components of v, (source velocity) and vl (layer velocity) survive the integration to contribute to the power density spectrum. Multiplication of the delta functions yields four terms which combine into two terms because of the symmetry of the integral under the transformation Kx --Kx to yield (13) where 
with scopes). Taking the array to be a zero-sum receiver we have an array of N (even) circular apertures spaced a distance d apart. The filter function is given by the convolution of the circular aperture with a sum of delta functions located at the receiver locations (array theorem). 1 5 The transform of the filter function is easily determined via the convolution theorem and is merely the product of the individual transforms. We obtain for the filter function transform squared
, (16) where r is the radius of the individual apertures. If the array is oriented along the velocity component of the source v,, (= vx) and we neglect the layer velocities, F 2 is given by
where the second factor (which we shall call B) represents the transform of the array of delta functions and can be rewritten more informatively as (18) with the normalized probed path position given by
Note that the N in the denominator of Eq. In the remainder of this paper we use the Kolmogorov spectrum for turbulence: 16 . (15) MII. Array Receiver Clifford and Churnside" 1 have considered two practical implementations for a receiving system. The first we shall consider is an array of receivers (tele-
This means there are peaks at heights <uo modulated by the single aperture function (i.e., see Figs. 2-5).
In the figures we plot the normalized weighting function W(I)/W(uo) where:
For the purposes of illustration we shall look at an example used by Clifford and Churnside 1 " with uo = 1/2, r = 0.05 m, d = 1 m, and co = 1007r. The source is at a height of 1 km and moving with a velocity of 100 m/s in level flight. In Fig. 2 the peak for n = 1 has a height 70% of that of the main peak (n = 0) which makes the configuration unreliable to use for sensing C2 near midpath and unusable for positions near the source as shown in Fig. 3 for o = 7/8, d = 7 m, and X = 1007r. This problem can be avoided if the single aperture and temporal filter are tuned to suppress the extra peaks.
We note the improvement in Fig. 4 where uo = 7/, but d = 0.1 m, and co = 7000'r. We choose this example merely for purposes of illustration. The single aperture is made to probe the same height as the entire array and the peaks to the left of the height of interest are effectively eliminated. Figure 5 shows the weighting function for the tuned single aperture relevant to i.e Fig . 7 where the weighting function has been totally disrupted. The crosswind introduces a Ky dependence into K. The weighting function is now similar to that of a single circular aperture. Even a moderate crosswind of 5 m/s produces an appreciable degradation of the weighting function (see Fig. 8 ). The crosswind sensitivity of the array can be reduced if the individual aperture extent in the y-direction is larger than the spacing d of the apertures in the array. Fig. 9 illustrates the effect of a 20-m/s crosswind (y-direction) on the (n =)10 elliptical apertures with a 0.3-m extent in the y-direction and a spacing between apertures of d = 0.1 m. Individual aperture width is also 0.1 m but X = 10007r. This dense pack configuration has the single apertures tuned to suppress the peaks <uo and also aids in reducing sensitivity to crosswind because the spacing d between elements of the linear array is reduced to a minimum. The tuning is not quite exact for circular or elliptical apertures in the dense pack configuration because of the circular geometry involved. It is exact however if one takes rectangular apertures as is clear by looking at the relevant analytic expression. Figure 10 is the same configuration as in Fig. 9 except that the apertures are circular with a diameter of 0.1 m. The broad character of the weighting function in Fig. 10 shows it is limited not by the number of elements in the array but by the contribution of Ky component in the integration which leads to a superposition of shifted peaks (smearing of the resonance peak). The effective long wavelength of the array in the y-direction for the elliptical aperture gives an approximate delta function response in Ky (i.e., response only to smallest Ky values). The example for perfect filters in the beginning of the paper implies infinite extent in the x and y-directions and therefore masks the problem caused by winds in the y-direction for real spatial filters. The filter frequency w can be reduced by enlarging the aperture and therefore increasing the array spacing but this comes at the cost of decreasing the strength of the fluctuations (the aperture averaging effect). So far we have examined the usefulness of probing the atmosphere at or above midpath with a multiaperture array system and synthetic aperture source. In the event that the synthetic aperture source is an orbiting satellite we shall be interested not in probing at midpath but at significantly lower portions of the optical path. The satellite is assumed to be in a circular orbit at a height of 500 km. Hence, the interesting values of uo are very small. The spatial resolution of the weighting function for the multiple aperture system at a height u is found by an expansion of the trigonometric function arguments about uo giving from a centered transmitting (or reflecting stripe). In this case the probed path position u is wd n wd + (2n + 1)irv 8 ' for n = 0. This is a slightly different formulation of Eq. (19) to include the other probed heights as well. We can rewrite the filter function in terms of uo to give
The spatial resolution of the resonance is (5 which indicates they can detract from the performance of the method. Another way to reduce the effect of multiple peaks is to choose different aperture sizes to probe different heights. In this way the response of the aperture function to different heights modulates the response of the filter (e.g., a small aperture suppresses lower heights less than a large aperture for a given filter frequency).
IV. Single Receiver
The second receiver configuration is a single round aperture receiver subdivided into stripes which are alternately reflecting and transmitting leading to a zero-sum receiver. We chose to work with the exact filter function and its transform as given by Churnside et al. 7
where J,(x) = J(x)/x, r is the aperture radius and Kr is the filter frequency 7r/d (d = stripe width). The A represents a phase shift of the filter pattern (stripes) The + sign applies for negative values of n. The (28) spatial resolution afforded by this filter function is approximately:
where the numerical constant comes from the first zero of the J Bessel function.
V. Implementation
In Fig. 11 we show the weighting function for the spatially filtered single aperture receiver probing at uo = /2 with the moving source having a velocity of 100 m/s at a height of 1 km. Here the aperture radius r = 0.2 m, the stripe width d = 0.1 m, and the frequency X = lOOOr. In the event of an orbiting light source at '500-km altitude the filtered single aperture is most appropriate for probing atmospheric layers up to -4 km in height. A major advantage of the single aperture receiver is its inherent insensitivity to crosswinds. For heights appreciably greater than this value the aperture must be larger than the 0.2-m radius telescopes commonly available. Figs. 12-16 show various weighting functions obtained for heights from 1-5.2 km. Figure 16 shows the weighting function for 5.2 km which is quite broad and suggests that an array receiver would give substantially better height resolution here. More spatial cycles across a larger aperture would improve the height resolution as well (rid for single aperture Nfor array). If multiple peaks are a problem with the single aperture receiver, (see Fig. 11 ) a variation of the weighting function approach of Ochs et al. 1 could be employed to reduce their impact. The major unwanted contribution to the weighting function comes from the first peak to the left of the uo peak which can be eliminated by subtracting the output of a complementary receiver with stripe width dn= 7ruov,
where n = 1.
For the single aperture receiver operating at o = 8007r the power spectral density at 1 km is: 14 the filter is centered in the aperture and we have a hump to the right of the peak. In Fig. 15 function with a more Gaussian appearance. An important consideration in the single aperture case is the question of sufficient light striking each stripe. For the worst case example (Fig. 12) we find, assuming a magnitude zero source For implementation one could sample at twice the highest filter frequency and monitor the power spectrum of the fluctuations at the filter frequencies in parallel, thereby simultaneously obtaining data on the refractive structure constant in different layers.
VI. Conclusions
The existence of an orbiting light source should provide a means of measuring the vertical profile of the refractive structure constant to a greater accuracy than is presently possible with the single source stellar scintillometers and would not suffer from the source problems associated with the binary star technique. The method is sensitive to the wind velocity of the various layers probed. In the aperture array configuration there is a degrading by broadening of the weighting function by crosswinds that can be substantially reduced by going to elliptical or rectangular apertures. The array configuration also suffers from response at subharmonics (lower heights than the target height) which can be suppressed by having both the array and individual array aperture sensitive to the same height. Both the single aperture and multiple aperture receivers are sensitive to winds moving parallel to Kr which serve to shift the weighting function to lower or higher altitudes thereby introducing uncertainty into the height profile. Information on wind speed and direction at various heights can be used to compensate for this in the calculated weighting function. Caution must be exercised at the layer being probed so that the projected source velocity is not nearly equal to the wind velocity along the spatial filter (so that K is not greater than the upper cutoff of the Kolmogorov spectrum). We find that the single aper-ture system is appropriate for altitudes •4 km. At heights >4 km it is advantageous to use the array method as the height resolution of the spatially filtered single aperture system for higher altitudes is poor. The resolution is limited because the practical limit on the single aperture size restricts the number of spatial cycles across the aperture. The layer interdependence problem in this method is expected to be sharply reduced from the existing stellar scintillometer method as the weighting functions are much sharper in the present method.
